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AbstractVarious P-T determinations have been reported on metasedimentary rock suites in the New Jersey and Hudson Highlands using different geothermobarometers, but all have yielded relatively large P-T ranges and none have used cordierite in a quantitative way. The presence of variable cordierite and its narrow stability field in metapelitic gneisses provides an excellent opportunity to better constrain the peak P-T conditions. Calcium depleted, clay-rich, arkosic sedimentary protolith was deposited during the Mesoproterozoic in a continental- oceanic arc basin during the Elzevirian orogeny (~1300-1200 Ma). The Ottawan metamorphic event (~1090-1020 Ma) transformed this protolith into the metasedimentary unit exposed in the Hudson Highlands, southeastern NY (Gates et al., 2001). Twenty samples from outcrops with inlerlayered metapelites and metapsammitic gneisses were sampled from four localities within Harriman State Park, NY in the western Hudson Highlands. The determination of the metamorphic conditions based on the prograde phases of the biotite-cordierite, biotite-cordierite- garnet, and biotite-garnet metapelitic gneisses is the focal point of interest in the current study.Whole-rock major elements analysis of the composite suite of samples defines the differentiation of the metapsammitic and metapelitic gneisses as: metapelites = weight % K2O/ CaO > 1; metapsammitic gneiss = weight % K2O/ CaO <1. Chemical composition and weight % oxide data was collected from five samples that displayed co-existing garnet, biotite, and locally occurring plagioclase and cordierite, to perform geothermobarometry. Garnet-cordierite and garnet-biotite
thermometers and grt-sil-crd-qtz, garnet-aluminasilicate-plagioclase (GASP), and garnet-biotite-plagioclase-quartz (GBPQ) barometers were used. The P-T determinations for five samples with appropriate mineralogy are as follows:
QB-7: 588 °C (±38) at 4.4 kilobars (± 2)SB-5: 593 °C (± 19) at 5.3 kilobars (± 0.4)QB-1: 654 °C (±18) at 5.1 kilobars (± 0.1)TB-3: 745 °C (± 18) at 6.0 kilobars (± 0.2)SB-7: 730 °C (± 19) at 6.1 kilobars (± 0.1)
The P-T reported is indicative of a transition from middle-amphibolite to lower-granulite facies metamorphism. The appearance and disappearance of cordierite with increasing metamorphic grade is expressed as biotite-cordierite gneiss->biotite-cordierite-garnet gneiss->garnet-biotite gneiss. The presence of cordierite in the metapelites of Hudson Highlands is not as imperative as previously thought in regards to determining peak metamorphism conditions. However, its appearance and disappearance provides a unique opportunity to determine the rates of metamorphic processes for the metasedimentary unit exposed in the Hudson Highlands.
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1. Introduction
The Hudson Highlands are part of a Mesoproterozoic crystalline metamorphic terrane known as the Reading Prong that was shaped during the Grenville Orogenic Cycle. The extensive high-grade metamorphism and deformation during the Grenville Orogenic Cycle has made understanding the tectonic events during the Mesoproterozoic very challenging. The complex suites of rocks in the Hudson Highlands are roughly divided into pre and post Ottawan units based on limited U-Pb zircon ages (Gorring et al., 2003). The metasedimentary unit of Hudson Highlands metamorphosed during the Ottawan Orogeny is subject to analyses herein. The use of geothermobarometry to determine the pressure and temperature of these rocks can reveal the metamorphic conditions in which they were formed, which can lead to inferences of the tectonic processes that have molded this part of the world.There have been numerous P-T determinations of the metasedimentary rock suites in the New Jersey and Hudson Highlands, either published or unofficially reported (Dallmeyer, 1974; Young, 1995; Volkert and Gorring, 2001; Sonnenwald, 2012). Some have been accepted as reasonable estimates while others have been questioned due to unreliable data or newly calibrated barometers and thermometers (Peck et al., 2006). One of the earliest pieces of data published was by Dallmeyer (1974) in which temperatures of 700-750 °C at pressures of 4.0-5.5 kbar were attained through experimental mineral equilibria from metapelites in eastern New Jersey Highlands and Hudson Highlands. Geothermobarometry performed by
1
Young (1995) on the same metapelites from the Dover Quadrangle in the New Jersey Highlands yielded temperatures of 670-740 °C using garnet-biotite geothermometer and pressures of 6.2-8.0 kbar using garnet-rutile-ilemenite- sillimanite-quartz geobarometer. Volkert and Gorring (2001) used hornblende- plagioclase-clinopyroxene bearing amphibolites to determine temperatures of 760- 785 °C and pressures of 4.9-5.4 kbar using Al-in-hornblende geobarometer and hornblende-plagioclase geothermometer. Sonnenwald (2012), recently acquired temperatures ranging from 713-776 °C on the same of set of samples used for the current study. Though the same samples were considered, the use of the cordierite model along with more reliable garnet-biotite thermometer calibrations and GASP barometer to determine P-T separates the current study from the work of Sonnenwald (2012)Though entirely uncommon, scattered amounts of cordierite in the metapelites of Hudson Highlands have been mapped (Dallmeyer and Dodd, 1971; Jaffe and Jaffe, 1973). The local equilibrium of cordierite exclusive to biotite or with biotite and garnet at various localities reflects differing metamorphic conditions, which in turn indicates the non-ideality of cordierite in granulite facies. Metapelitic gneisses with variable presence and abundance of cordierite were sampled from four separate locations in the western Hudson Highlands, NY within Harriman State Park. Subsequent observations via light microscopy and Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDS) were used to determine P- T conditions using a garnet-cordierite and garnet-biotite geothermometer and GASP/GPBQ geobarometer. A comprehensive and detailed P-T path was obtained
2
based on the results of geothermobarometry, phase equilibria and descriptive retrograde alterations and their textural relations present in the metapelites.
2. Regional Geology:
The Hudson Highlands in southeastern New York, Northern New Jersey Highlands, and several other smaller massifs composed of Mesoproterozoic Laurentian basement rocks are part of a region known as the Reading Prong (Fig 1). This 250km belt extends from Reading, Pennsylvania to Lake Waramaug, Connecticut (Tollo et al., 2004). The Mesoproterozoic tectonic events of the Grenville Orogenic Cycle (1300-1000 Ma) were the last major tectonic events to deform the Laurentian basement rocks and dictate the majority of the current bedrock geology of the Reading Prong. The earliest regional metamorphic and deformational event in the Hudson Highlands occurred ~1300-1200 Ma during the Elzevirian Orogeny, which marked the beginning of the formation of the Rodinian supercontinent and a long, mountain building process in eastern North America known as the Grenville Orogenic cycle (Fig. 2). The Elzevirian Orogeny is presumed to be an Andean-type continental subduction zone that culminated in an island arc collision along the eastern margin of North America (McLelland et al., 1996).Following the Elzevirian Orogeny, separate magmatic intrusive events produced the Anorthosite-Mangerite-Charnockite-Granite (AMCG) and the Hawkeye Intrusive Suites dated ~1155-1140 Ma and ~1106-1093 Ma respectively (McLelland et al., 2010). It is widely believed that these magmatic events were due to the delamination of the over-thickened crust following the Elzevirian island-arc 3
collisional event, allowing the asthenosphere to rise beneath the delaminated zone (Hamilton et al., 2004).
The latter stage of the mountain-building process is known as the Ottawan Orogeny (dated ~1090-1030 Ma), a continental-continental collision between Laurentia (proto-North America) and Amazonia (proto-South America) which led to the final assembly of Rodinia and further deformed and metamorphosed the Hudson Highlands (Gates et al., 2001). The high-grade metamorphism and intense deformation of the Ottawan Orogeny has completely overprinted the preceding Elzevirian and AMCG metamorphic and intrusive events (McLelland et al., 1996; Gates et al., 2001). The Ottawan metamorphism is very well preserved in the Hudson Highlands due to variable, yet minor post-Mesoproterozoic brittle deformation along reactivated shear zones during late Paleozoic compression and Mesozoic rifting (Gorring et al., 2003).The multiple phases of the Grenville Orogenic Cycle have left the Hudson Highlands with a complex suite of metasedimentary, metavolcanic, metapsammitic gneisses and intrusive granitoids, metamorphosed at upper amphibolite to granulite facies. The high-grade metamorphism has caused ambiguity regarding the pre­deformation stratigraphy of the gneisses (Dallmeyer, 1974). The various rock suites are categorized as either pre-Ottawan (>1090-1030 Ma) and late to post-Ottawan (<1030 Ma) based on the U-Pb zircon ages (McLelland et al., 2010). The metasedimentary, metavolcanic, and metapsammitic gneisses are dated pre-
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Ottawan while the intrusive granitoids are considered post-Ottawan (Gorring et al., 2003). The Hudson Highlands are subdivided into the three narrow blocks of high angle thrust faults that trend northeast-southwest (Dallmeyer and Dodd, 1971). The sediment deposition in the continental-oceanic arc basin during the Elzevirian Orogeny was deformed during the Ottawan Orogeny to produce the paragneisses in the Hudson Highlands (Gates et al., 2001). The metasedimentary unit in the Hudson Highlands is composed of metapelitic and metapsammitic, biotite-quartz-feldspar gneisses along with calc-silicate gneisses and minor quartzite and marble units. These rock suites are often found interlayered with each other at a scale of a few meters to hundreds of meters (Gorring et al., 2003). The biotite-quartz-feldspar gneisses with rusty hue, locally occurring with variable amounts of sillimanite, garnet, cordierite, potassium-feldspar, graphite, and Fe-sulfides is pertinent for the purposes of this report.
3. Methods
3a. Field WorkThe purpose of this project was to observe and use the presence of cordierite in the paragneisses of the Hudson Highlands to perform geothermobarometry. The metapelites with a sillimanite-garnet-biotite-quartz-plagioclase assemblage and variable amounts of cordierite have been mapped at several localities in the Popolopen Lake quadrangle and the Monroe quadrangle by Jaffe & Jaffe (1973) and Dallmeyer & Dodd (1971). The region surrounding Mombasha Lake, Monroe, NY
5
and Queensboro Circle, Bear Mountain, NY contains cordierite according to the aforementioned authors, although no precise locations of the outcrops were noted in their studies. Approximately two weeks were spent mapping the field area and collecting samples for further analysis. The United States Geological Survey (USGS) issued New York bedrock geology map was used as a guide during sample collection (Jaffe & Jaffe, 1973). Dallmeyer & Dodd (1971) state that the presence of cordierite is more prevalent in sillimanite-biotite rich metapelites; hence the sampling was done accordingly. Dr. Matthew Gorring and Jeff Hope had previously carried out a mapping and field-sampling project in 2005 to catalogue metapelites and metapsammitic gneisses in the Harriman State Park, Lower Hudson Valley, NY. The samples from their project are revisited in this study. Since cordierite was not identified in the field, petrographic and scanning electron microscopy was used to detect its presence. Twenty samples from four concentrated areas throughout Orange and Rockland County in southeastern NY were analyzed in order to analyze the mineral assemblages (Fig. 3).
3b. Petrographic MicroscopySince the metapelites are prone to "rusty” weathering due to the presence of Fe-sulfide minerals in the assemblage, the hand samples had to be prepared accordingly for further analyses. A water aided diamond-tipped rock saw housed at the Department of Earth and Environmental Studies, Montclair State University was used to remove the weathered rind. Hand samples containing all major minerals were cut into blocks. The blocks were sent to Spectrum Petrographies Inc. in Vancouver, WA to be made into polished, microprobe-quality thin sections (26mm x6
46 mm, no cover slips). The thin sections were extensively examined using a Zeiss Axioskop petrographic microscope. An approximate modal analysis of the major and accessory minerals, and textural features demonstrating equilibrium/re- equilibrium between minerals were determined. The measurement areas on the thin sections were also catalogued for future SEM analyses using the Olympus and Zeiss cameras attached to the microscope.
3 c. SEM/EDS AnalysesThin sections were further analyzed to catalogue images illustrating textural features and variations in the minerals using the Hitachi S3400-N Scanning Electron Microscope (SEM) housed in the Department of Earth and Environmental Studies, Montclair State University. The attached Bruker X-Flash 4010 Energy Dispersive Spectrometry (EDS) system was used to analyze elemental abundances, where are reported as weight % oxide data for minerals of interest. The Phi-Rho-Z standardless quantitative routine was used to calculate the weight percent oxide data. Prior to the analyses, the thin sections were polished using a Buehler Mini-Met 1000 polisher and then carbon coated using a Denton Vacuum Desk IV Carbon Coater to minimize electrostatic charging. The settings used during SEM analysis were as follows: 15 kilovolt-accelerating voltage, working distance of 10 millimeters, and probe current of 65 on the Hitachi 0-100 dimensionless scale. Aperture and beam alignment were executed prior to each SEM analysis. The settings during EDS analysis were as follows: 6-8 thousand counts per seconds (kcps), 45 seconds of real time, resulting in ~2% dead time.
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3d. GeothermobarometryThe weight percent oxide data of cordierite, garnet, biotite, and plagioclase from selected metapelites was collected using the SEM-EDS analysis to perform geothermobarometry (Tables 9-12). Various calibrations of garnet-biotite and garnet-cordierite Fe-Mg exchange thermometers were used to determine the temperature. The garnet-aluminum silicate-plagioclase (GASP), garnet-plagioclase- biotite-quartz (GPBQ), and garnet-cordierite net-transfer barometer were used to determine the pressure.A modeling spreadsheet, GPT version 1.0, with an extensive range of calibrations compiled by Reche and Martinez (1996), was used to perform garnet- cordierite thermobarometry. Geothermobarometry software program, GTB version 2.3, by Spear and Kohn (1999) and a modeling spreadsheet compiled by Waters (2008) were also used to perform garnet-biotite thermometry and garnet- sillimanite-cordierite-quartz, GASP, and GBPQ barometry.
3e. ICP-OESThe whole-rock major element geochemistry often metapelitic and metapsammitic gneisses was determined using the Jobin-Yvon Inductively-Coupled Plasma Optical Emission Spectrometer (ICP-OES). Since the solid samples cannot be introduced into the ICP, they were transformed into a liquid solution through a lithium metaborate flux-digestion method. The sample preparation took place at Montclair State University. The hand samples were fragmented into smaller pieces using a steel mortar and pestle. These pieces were appropriately sieved and weighed to approximately 50-60 grams and crushed into a fine powder using an 8
alumina ceramic-laced shatter box. The powder for each sample was weighed to0.1000 grams (± 0.0005 grams) and homogenized with 0.4000 grams (± .0020 grams) of lithium metaborate flux. This mix was carefully transferred into graphite crucibles, which were then placed in a preset 1,050°C furnace for approximately 20- 25 minutes to be melted into a glass bead. The glass bead was then transferred into Teflon beakers containing stir bars, and dissolved in 50 mL of 7% nitric acid. The solution was filtered to remove residual material from the crucible and transferred into 60 mL Nalgene bottles. Approximately 6.5 mL of the resulting master solution with a dilution factor of 500x was mixed with 50 mL of 2% nitric acid to produce a solution with a dilution factor of 4,000x for the ICP-OES. The aforementioned procedure was repeated in the same manner to produce solutions for two procedural blanks and ten USGS issued igneous rock standards (DNC-1, BIR-1, BHVO-2, W-2, BCR-2, AGV-2, QLO-1, GSP-2, G-2, and RGM-1) to be used for sample calibration. The ICP-OES was tested for precision and accuracy by analysis of eight replicate preparations of a standard (AGV-2) and a sample (QB-7) with satisfactory results (Table 1). The precision (as measured by the relative standard deviation (rsd) of the eight replicates of QB-7) for the majority of elements ranges from 0.61- 2.56%, while CaO, NazO, and P2O5 yielded rsd values of 7.35%, 18.17% and 21.65 %, respectively. The accuracy, based on the eight replicates of AGV-2, for the majority of the elements ranges from 0.33-1.38 while MnO is erroneous producing a value of 9.56. Overall the ICP-OES was fairly precise and accurate for the duration of multiple analytical sessions as the RSDs were consistently less than 3% for AGV-2 and QB-7.
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The bulk-rock geochemical data reported for the ICP-OES is an average of three replicate runs (Tables 2-4)
4. Petrography
4a. Metasedimentary Gneisses/ParagneissesThe paragneisses in the Hudson Highlands are composed of metapelitic and metapsammitic gneisses along with quartzite and marble. (Gates et al., 2001). The metamorphism of a sedimentary/clay-rich protolith during the Ottawan orogeny produced the metasedimentary unit of the Hudson Highlands. The paragneiss sampled and studied comprehensively for this study is the biotite-quartz- potassium-feldspar gneiss with variable amounts of garnet, sillimanite, plagioclase, and cordierite, known as a metapelite. The accessory minerals include graphite, magnetite, monazite, zircon, pyrite and pyrrhotite. In conjunction with the prograde metamorphic mineral assemblages, alteration products such as jarosite, sericite, phengite, clinozoisite, epidote, pinite, and chlorite are quite prevalent. The metapelites exhibit a generally subhedral-anhedral granular texture. The metapelites are interlayered with the metapsammitic gneisses in the Hudson Highlands (Figs. 4, 5, and 6). The outcrops containing metapelites form as lenses in the metapsammitic. This unit has a distinct rusty hue due to the weathering of the accessory Fe- sulfides present, making it easy to distinguish in the field (Volker and Drake, 1999) (Figs 7, 8, and 9). The descriptive mineral assemblages of the metapelites are as follows:
10
1. Biotite-Garnet-Cordierite-Sillimanite2. Biotite-Garnet-Sillimanite3. Biotite-Cordierite-SillimaniteAll assemblages also contain quartz + K-feldspar ± plagioclase ± muscovite.
4b. Metapsammitic GneissThe Metapsammitic gneisses of the Hudson Highlands were sampled due to their proximity to the metapelitic unit. The calcic and potassic parent rock source is quite apparent in its quartz, plagioclase and potassium-feldspar rich assemblage. It also contains variable amounts of hornblende, clinopyroxene, garnet, apatite and biotite. The lack of sulfide minerals gives it a distinct gray tinge in the field (Figs 7 and 10) Along with the metapelites, this unit is found locally interlayered with quartzites, mafic gneisses, and the metavolcanic unit (Gates et al., 2001). The mineral assemblage and its gradational contact with the metavolcanic unit signify a volcanoclastic sequence (Gates et al., 2006). The descriptive mineral assemblages of the metapsammitic gneisses are as follows:1. Biotite-Garnet-Plagioclase-Quartz2. Biotite-Garnet-Plagioclase-K-Feldspar-Quartz3. Biotite-Garnet-K-feldspar-Quartz4. Biotite-Plagioclase-K-feldspar-Quartz
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4c. Sample Locations/DescriptionsThe twenty samples collected wholly represent the known mineralogy from previous studies. Paragneiss samples ranging from metapelites to metapsammitic gneisses were collected from four sites in Orange and Rockland County in southeastern NY (Fig. 3). The sampling area for this study was isolated to the eastern block of the several narrow blocks separated by northeast trending high angle faults (Dallmeyer and Dodd, 1971).
i. Queensboro Circle (QB)The Queensboro Circle samples were collected from several outcrops on 7 Lakes Drive, Tomkins Cove, NY, starting from the Appalachian Trail near the foot of Bear Mountain. Locations of these outcrops are important because Dallmeyer (1971) had sampled cordierite-bearing metapelites from this region. QB-1, QB-2 and QB-3 were sampled from a 300-meter long and a 20-meter high road-cut east of the Queensboro Circle on 7 Lakes Drive. It contains a highly migmatized metapsammitic gneiss layer at the top and a more rusty, metapelitic layer fining upwards from the road level (Fig 4). QB-8 was sampled approximately half a mile north of Queensboro Circle on Rte 6. QB-5, QB-6, and QB-7 were sampled from a rusty 180-meter long and 10-meter high outcrop south of the Appalachian Trail on 7 Lakes Drive. Field- descriptions of the samples are given below.
QB-1: Metapelite with rusty weathering. It is a quartz and potassium-feldspar rich sample with foliated biotite and sillimanite. A few garnet crystals and flaky graphite
12
is visible. Minor amounts of plagioclase, sericite, phengite and jarosite wereobserved via petrographic microscopy.
QB-2: Gray, metapsammitic gneiss. Quartz and plagioclase rich assemblage. Garnet and biotite are also present. Slight sericitic alteration of plagioclase and minor amounts of opaque minerals were observed via light microscopy.
QB-3: A typical metapelite. The mineral assemblage consists of quartz, potassium- feldspar, foliated biotite and sillimanite, garnet and opaque minerals.
QB-5: Rusty metapelite. Sillimanite and biotite are abundant (exceeding 40 percent). Quartz, garnet, potassium feldspar, and graphite make up the rest of the major assemblage. Zircon, monazite, sericite, jarosite, and chlorite were observed via light microscopy.
QB-6: Typical metapelite. The mineral assemblage consists of quartz, potassium- feldspar, biotite, garnet and sillimanite.
QB-7: The only cordierite-bearing metapelite. The mineral assemblage consists of quartz, potassium-feldspar, biotite, garnet and sillimanite. Cordierite was determined through SEM/EDS analysis.
QB-8: Metapsammitic gneiss with a quartz, plagioclase, biotite, and garnet mineral assemblage.
//. Sebago Beach (SB)The SB samples were collected from several outcrops to the south and east of Sebago Lake on 7 Lakes Drive, Suffern NY (Fig 5). SB-1, SB-2, and SB-3 were sampled from a 100-meter long and 12-meter high road-cut south of Sebago Lake.
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The outcrop transitions from a gray gneiss at the south end to rusty, graphiticmetapelitic-gneiss at the north end. SB-5, SB-7, SB-8, and SB-9 were collected from several outcrops along Lake Welch Parkway to east of Sebago Lake.
SB-1: Rusty metapelite with a quartz, potassium-feldspar, garnet, biotite, sillimanite assemblage. Alteration products such as sericite, chlorite, and epidote were observed via light microscopy.
SB-2\ Rusty metapelite with a quartz, potassium-feldspar, garnet, biotite, sillimanite assemblage. Alteration products such as sericite, chlorite, and phengite werre observed via light microscopy.
SB-3: Rusty metapelite with a quartz, potassium-feldspar, garnet, biotite, sillimanite assemblage. Alteration products such as sericite, jarosite, and phengite are observed via light microscopy.
SB-5: Rusty metapelite with a quartz, potassium-feldspar, garnet, biotite, sillimanite assemblage. Alteration products such as sericite, jarosite, chlorite, and phengite are observed via light microscopy.
SB-7: Rusty metapelite with a quartz, potassium-feldspar, garnet, biotite, sillimanite assemblage. Alteration products such as sericite, jarosite, chlorite, and phengite were observed via light microscopy
SB-8: Rusty metapelite with a quartz, potassium-feldspar, garnet, biotite, sillimanite assemblage. Alteration products such as sericite, chlorite and epidote were observed via light microscopy
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SB-9: Metapsammitic gneiss with a quartz, plagioclase, biotite, and garnet
assemblage.
Hi. Tome Brook (TB)
The TB samples were collected from a 25-meter long and 6-meter high outcrop on Torne Brook Road, Sloatsburg NY (Fig 6]. The outcrop contains metapsammitic and metapelitic gneisses.
TB-1\ Rusty metapelite with a quartz, potassium-feldspar, garnet, biotite, sillimanite assemblage. Alteration products such as sericite, chlorite and jarosite were observed via light microscopy.
TB-2: Metapsammitic gneiss with a quartz, plagioclase, biotite, garnet, and graphite assemblage.
TB-3\ Similar mineralogy to TB-1.
iv. Lake Welch (LW)The LW gneisses were sampled from road cuts to the west of Lake Welch along Lake Welch Parkway, Stony Point NY.
LW-1: Metapsammitic gneiss with a quartz, plagioclase, biotite, garnet, and graphite assemblage.
LW-6-. Rusty metapelite with a quartz, potassium-feldspar, garnet, biotite, sillimanite assemblage.
LW-9: Rusty metapelite with a quartz, potassium-feldspar, garnet, biotite, sillimanite assemblage. 15
4d. Mineral Descriptions 
i. CordieriteCordierite is a common metamorphic mineral in lower amphibolite -  upper granulite facies rocks. Its empirical formula is (Mg, Fe^AUSisOis^nf-hO with a cyclosilicate crystal structure. The scattered occurrence of cordierite in the Hudson Highlands has been confidently identified by previous studies (Jaffe and Jaffe, 1973; Dallmeyer and Dodd, 1971). The severe alteration of cordierite to pinite and its rarity altogether hindered attempts to positively identify it in the field. The physical properties of cordierite closely resemble quartz and plagioclase, two other common minerals in this assemblage. Dallmeyer (1971) describes it as colorless, allotriomorphic grains ranging from 0.5 millimeters to 3 millimeters in hand sample. The current study relied on light microscopy and SEM/EDS to positively identify cordierite. The refractive index and the low relief of cordierite are similar to that of quartz and plagioclase in plane polarized light (PPL). If unaltered, untwined, and lacking in cleavage, it resembles quartz; if altered it exhibits polysynthetic twinning analogous to plagioclase in cross-polarized light (XPL) (Fig 12). Its presence was established in only one metapelite from Queensboro Circle (QB-7) and theoretically inferred in QB-1 and SB-5. The cordierite present in QB-7 exhibits sharp grain boundary contact with garnet and biotite and is devoid of any inclusions. This textural feature suggests either a prograde equilibrium or a crystallization and re-equilibrium during the retrogression via a partial melting event. The EDS point traverse across rare large cordierite grains suggests limited to no zoning. Inconsequential enrichment in Mg at the rims was observed but data 16
points were averaged. Cordierite in QB-7 is fairly magnesium rich with an approximate 81% Mg end member composition (Table 5).
//'. GarnetGarnet is either a minor (but important) constituent or an accessory mineral in all of the rocks analyzed for this study, ranging from approximately 5 to 15 modal percent. It is blood red or pastel pink in color and occurs as euhedral-anhedral poikioblasts ranging from 0.5 millimeters to 5 millimeters in size. In certain metapelites garnet crystals are elongated in the plane of dominant foliation as evidenced by the fibrous, needle-like sillimanite inclusions (Fig 13 and 14). Along with sillimanite, quartz, biotite, rutile, and zircon inclusions are also common. The microprobe analyses of the metapelitic garnets give a range of 61-67 % almandine component, 29-37% percent pyrope component, approximately 2.5-5 % grossularite component and one sample has a 3.2 % spessartine component. The only metapsammitic gneiss analyzed has 69 % almandine component, 19 % pyrope component, 7.25% grossularite component and 5 % spessartine component. The garnets are show very limited compositional zoning from core to rim with respect to Mg, which was is too minute to consider for geothermobarometry. The garnets have sharp textural grain boundary contact with biotite, potassium-feldspar and plagioclase and cordierite where present. The garnets from the cordierite bearing QB-7 metapelite are depleted in CaO compared to garnets analyzed from the other samples. The samples with inferred cordierite, QB-1 and SB-5, also exhibit the CaO depletion. The only metapsammitic gneiss analyzed (SB-6) has magnesium-depleted
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and calcium-enriched garnets compared to the rest of the metapelites. The representative garnet microprobe analyses are presented in Table 6.
ill. BiotiteBiotite is ubiquitous in the metapelites analyzed for the current study and approximately ranges from 5-35 modal % (Figs 8 and 10). It forms as euhedral- subhedral grains, mostly aligned with the plane of foliation except for a few crystals (Fig 14). It shares a sharp grain boundary contact with garnet, quartz, plagioclase, potassium-feldspar, sillimanite, and cordierite, where present. The partial and, in some instances, complete alteration of biotite to chlorite is observed in several samples (Fig 16). Biotite shows no significant compositional zoning in the grains analyzed. The chemical composition of biotite crystals from different metapelites is variable but there is no systematic difference in the samples bearing cordierite and the ones devoid of it. The representative biotite microprobe analyses are presented in Table 7.
iv. Quartz and FeldsparQuartz and feldspar are the most abundant minerals, encompassing approximately 40-50 modal percent in almost all the samples examined. The gray quartz grains measuring up to 6 mm and the white/beige feldspars grains measuring up to 5 mm give this unit a distinct gray hue. The abundance of plagioclase and potassium-feldspar varies per sample, though the latter is more copious due to the breakdown of muscovite. Quartz, plagioclase and potassium- feldspar exhibit subhedral-anhedral texture. Potassium feldspar is generally perthitic with sodium-rich plagioclase (albite) lamellae (Fig 15). The profusion of 18
potassium feldspar in the metapelites and the lack of prograde muscovite indicate a lower-granulite facies metamorphism during peak crystallization. The exiguity of Na-plagioclase coupled with the abundance of potassium feldspar suggests a sedimentary protolith rich in potassium and depleted in calcium, possibly potash- rich shales or greywacke (Jaffe and Jaffe, 1973). The representative plagioclase microprobe analyses are presented in Table 8.
v. SillimaniteSillimanite is exclusive to the metapelitic unit in the Hudson Highlands. Its prismatic occurrence with the abundant platy biotite leads to strong foliation evident in the hand samples (Figs 7 and 9). It is commonly found as an inclusion in garnets. In thin sections, it shows euhedral-subhedral texture but fibrous, needle­like splinters are also common (Fig 14). Sillimanite resembles its pseudomorph, kyanite in rare cases where it is cut perpendicular to the z-axis. The calcium depletion in the protolith seems to have a direct correlation with the presence of sillimanite. If the protolith were calcium enriched, it would allow the formation of excess plagioclase, which can tie up the aluminum, deterring the formation of sillimanite.
vi. Accessory and Retrograde MineralsThe determination of the accessory and retrograde minerals was made via SEM/EDS analyses. The widespread accessory minerals in the metapelites include pyrite, pyrrhotite, and graphite. Locally occurring accessory minerals are zircon,
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monazite, rutile and apatite. The alteration products include sericite, epidote, clinozoisite, phengite, chlorite, jarosite, and pinite.The alteration of cordierite into pinite is much more common than other (Fe, Mg) silicates during the retrograde path of metamorphism. Since cordierite is so susceptible to alteration during retrogression, its recognition proves to be problematic by optical methods and if the alteration is severe, even using SEM or an electron microprobe. The composition of this alteration product is commonly a combination of muscovite and chlorite (Kalt et al., 1999). The pinitization has occurred along the rims and fractures of cordierite, altering in a grid-like pattern (Fig 17). It displays a 'snow-flake' texture seen at high magnification. The retrograde breakdown of the perthititc potassium-feldspar to phengite is texturally well defined (Fig 18). Sericitic replacement of plagioclase along with epidote and clinozoisite is also observed (Figs 19 and 20). Minor sericite intergrowths in and around sillimanite grains were also observed. Biotite alteration to chlorite is evidenced by its distorted, splintery and flaky texture due to a hydrothermal process known as chloritization (Fig 16). Another byproduct of hydrothermal alteration is jarosite, a hydrous iron-potassium sulfate mineral precipitated during the oxidization of pyrite and pyrrhotite in the metapelites (Fig 21).
5. Whole-Rock Geochemistry
The whole-rock major elements geochemistry of the metapelites and metapsammitic gneisses is summarized in Tables 2, 3, and 4. The differentiation of metapelites and metapsammitic gneiss is established by the concentration of CaO 20
and K2O. The metapelites are enriched in K2O relative to CaO and the opposite is the case for the metapsammitic gneisses. This relationship is defined as: metapelites = weight % K2O/ CaO > 1; metapsammitic gneiss = weight % K2O/ CaO <1. Figures 22, 23, and 24 illustrate this relationship for four sets of samples from various localities. The elemental compounds considered during analyses are Si02, Ti02, AI2O3, Fe2 0 3 , MnO, MgO, CaO, Na20, K2O, and P2O5. The compositional variations are well within acceptable range based on data reported from previous studies by several authors (Jaffe and Jaffe, 1973; Volkert and Drake, 1999).
The whole-rock geochemistry for the metapelites is as follows: Si02 ranges from -57.87% to 81.72%, Ti02 from 0.46% to 1.14 %, AI2O3 from 10.82% to 19.72%, Fe203  from 2.33% to 14%, MnO from 0.01% to 0.14%, MgO from 0.84% to 4.53%, CaO from 0.12% to 0.98, Na20 from 0.20% to 3.06%, K2O from 1.66% to 6.37%, and P205 from 0.02% to 0.44%. QB-5 has an anomalously low Si02 and high Ti02 and AI2O3 due to the exceedingly high sillimanite and biotite content of the sample; hence it was excluded from the weight % oxide ranges summarized above.
Metapelites in this unit are assigned to three different rock-types based on their distinct mineral assemblages. These rock-types include the variably exposed biotite-cordierite gneiss and biotite-cordierite-garnet gneiss, and the abundant garnet-biotite gneiss. Dallmeyer and Dodd (1971) conclude that unfavorable protolith composition and not varied metamorphic conditions dictate the rarity of cordierite-bearing metapelites. The AI2O3 (A), FeO (F) and MgO (M) molecular components of the metapelites are plotted on an AFM diagram (Fig 25). There are
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no differences between cordierite-bearing and cordierite-free gneisses. This implies a common sedimentary protolith for the composite suite of metapelites, and implies variable metamorphic conditions during crystallization.
6. Geothermobarometry
The determination of metamorphic conditions for a rock using the crystallization of certain minerals in equilibrium is known as geothermobarometry. Geothermometry uses reactions that are temperature sensitive and pressure insensitive to ascertain deformation temperature. While geobarometers use reactions that show substantial pressure sensitivity and temperature insensitivity to determine pressure during metamorphism (Spear, 1993). Various geothermometers and geobarometers are calibrated experimentally or thermodynamically for rocks with different assemblages. Chemical compositional data collected from co-existing minerals in an assemblage by an analytical instrument, such as an electron microscope (SEM/EDS), is used by the geothermometers and geobarometers to provide lines of intersecting equilibrium constants that can be drawn on a pressure (P) and temperature (T) diagram.
6a. GeothermometryFor this study, the element exchange geothermometers were used because of their relative pressure insensitivity. These geothermometers use a heterogeneous exchange reaction that is reduced to its exchange components (Spear, 1993). The most common reaction is the Fe-Mg exchange between two ferromagnesian phases.
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The mineral assemblages of the metapelites in the Hudson Highlands allow for theuse of the garnet-cordierite (eq. 1) and garnet-biotite geothermometers (eq. 2). Both of these thermometers are based on Fe-Mg exchange reactions.
2 Fe3Al2Si3 0 i2 + 3Mg2Al4Si508(0H)i8 = 2Mg3Al2Si30 i2 + 3Fe2Al4Si508(0H)i8 [eq. 1) 
(Almandine) (Mg-Cordierite) (Pyrope) (Fe-Cordierite)
Fe3Al2Si30i2 + KMg3AlSi3Oio(OH)2 — Mg3Al2Si30i2 + KFe3AlSi3Oio(OH)2 (eq. 2)
(Almandine) (Phlogopite) (Pyrope) (Annite)
The garnet-cordierite geothermometer is most commonly used for determining temperatures in high-grade amphibolite and granulite facies metamorphic rocks. (Spear, 1993) This geothermometer is poorly calibrated because cordierite in high-grade metapelites is prone to severe alteration to a micaceous intergrowth of muscovite and chlorite known as pinite. Therefore identifying and using an unaltered cordierite proves to be difficult (Fig 13). The presence of cordierite in the metapelites sampled for this study was very rare as it was only positively identified in one sample (Fig 11). The garnet-biotite geothermometer is widely used and has been calibrated in excess of 22 times by various authors (Reche and Martinez, 1996). It can be applied to upper greenschist to granulite facies metapelites (Spear, 1993). This geothermobarometer was also tested to check for consistency with P-T results from previous authors and variability to the cordierite model determined in this study.
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i. Garnet-CordieriteThe locally coexisting garnet-cordierite and biotite-cordierite straight-line distribution data illustrated in Dallmeyer and Dodd (1971) suggests that chemical equilibrium conditions were attained in their metapelite samples from the Hudson Highlands (Figs 26 and 27). The lack of incompatible mineral association and sharp textural contact between grains also indicate the mineral assemblages within the metapelites (both cordierite-bearing and cordierite-free) sampled for this study also attained chemical equilibrium (Fig 28). Chemical composition and weight % oxide data of the co-existing garnet and cordierite crystals from QB-7 were collected in replicates per crystal using the SEM/EDS. The cordierite and garnet in this sample show very limited to no compositional zoning. Hence the replicate analysis for cordierite and garnet were averaged and are reported in Tables 5 and 6.As mentioned above, the garnet-cordierite geothermometer is not widely calibrated, hence all available calibrations will be considered in this study. Calibrations by Thompson (1976), Holdaway and Lee (1977), Perchuck et al., (1985), Perchuck & Lavrent'eva (1983) and Wells (1979) were utilized via GPT, a modeling spreadsheet compiled by Reche and Martinez (1996). In addition, the most recent available calibration by Nichols et al., (1992) was used via the geothermobarometry software, GTB, by Spear and Kohn (1999). The temperature results yielded by the geothermometry are stated in Table 9; QB-7a and QB-7b denote two separate pairs of garnet-cordierite crystals exhibiting strong textural grain boundary contact in the same sample.
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The garnet-cordierite geothermometry yields an average temperature of 591 °C (± 40) for QB7a and 585 °C (± 37) for QB-7b. The maximum temperatures were 628 °C and 611 °C for QB-7a and QB-7b respectively. The minimum temperatures were 525 °C and 515 °C for QB-7a and QB-7b respectively. The temperatures achieved from the chemical data reported by Dallmeyer (1971) are consistent with the results of this study (524 ± 42 °C and 576 ± 25 °C; Table 9).
Garnet-BiotiteThe partitioning of Fe and Mg in garnet and biotite has been used as a geothermometer since the 1970s. There have been numerous experimentally and thermodynamically derived calibrations. Eleven calibrations dated pre-1990 were tested based on data from natural assemblages and derived empirically by Kleeman and Reinhardt (1994). Their study concluded that majority of the calibrations show deviation of up to 260 °C from the accepted peak temperatures. Thus a set of available recent calibrations deemed reliable was compiled to perform thermometry on coexisting garnet-biotite pairs (Figs 29-33). Calibrations of Perchuck and Lavrent'eva (1983), Perchuck and Lavrent'eva (1984), Indares and Martignole (1985), Kleeman and Reinhardt (1994), and Gessman et. al., (1997) were used from GTB software. A modeling spreadsheet by Waters (2008) was used for the Bhattacharya et al., (1992) calibration. Hackler and Wood (1989) (HW) and Ganguly and Saxena (1984) (GS) garnet models were also used by Bhattacharya et al., (1992).
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The temperatures reported in Table 2 show a distinct variation amongst the samples considered for thermometry. Samples TB-3, SB-7, and QB-5 produced temperatures of 744 ± 18 °C, 731 ± 18 °C, and 713 ± 16 °C, respectively. SB-5, QB-1, and QB-7a produced temperatures of 593 ± 19 °C, 635 ± 18 °C, and 575 ± 24 °C, respectively The temperature produced by garnet-biotite thermometry on QB-7a is consistent (within error] with that of the garnet-cordierite thermometry (see Tables 9 and 10). SB-5 also yielded a similarly low temperature (~575-590°C; Table 2). QB- 1 also gave somewhat lower temperatures (~650 °C; Table 2] than the other samples that are in the range of 700-750 °C; Table 10]. The implications of the relatively low temperatures obtained for QB-7a, QB-1, and SB-5 will be discussed in P-T Implications. Sonnenwald (2012] performed garnet-biotite thermometry on the same samples used in the current study, yielding high temperatures of 715 ±57 °C for TB-3, and 713 ±31 °C for QB-5, and low temperatures of 627 ±49 °C for SB-5, and 611 ±14 °C for QB-7. The temperatures reported in Table 10 are fairly consistent with that of Sonnenwald (2012], signifying erroneous EDS data collection to be minimal to none.
6b. GeobarometryThe geobarometers used for the current study are based on net-transfer reactions. Such reactions cause the production and consumption of phases, result in large volume changes, and produce a pressure sensitive equilibrium constant (Spear, 1993]. The mineral assemblages of the metapelites from Hudson Highlands allow the use of the garnet-aluminosilicate-cordierite-quartz (grt-als-crd-qtz] (eq.
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3], garnet-aluminosilicate-quartz-plagioclase (GASP] (eq. 4), and the garnet-biotite- plagioclase-quartz (GBPQ) (eq. 5] geobarometers. All of these geobarometers have a moderate to strong reliance on the exchange reaction determined temperature, thus an independent temperature has to be determined to attain an accurate pressure value.
3Mg2AUSi50i8 -  2Fe3Al2SisOi2 + 4AbSi05 + 5Si02 (eq. 3]
(Mg-Cordierite) (Almandine) (Sil) (Quartz)
3CaAl2Si20s — CasAbSisO^ + 2Al2SiOs + SiCb (eq. 4)
(Anorthite) (Grossularite) (Sil) (Quartz)
Mg3Al2Si30i2+ CasAbSisO^ + KAlMg2(Si2Al2)Oio(OH)2 + 6 SiCb (eq. 5)
(Pyrope) (Grossularite) (Eastonite) (Quartz)
6CaAl2Si208+ 3K M g3A lS i3O io(O H )2 
(Anorthite) (Phlogopite)
The grt-als-crd-qtz geobarometer was used for QB-7a and QB-7b. There were five total calibrations available in GPT but four produced anomalously high pressures out of the possible realm of this study based on the mineral assemblage of the metapelites. The high pressures in conjunction with the low temperatures would theoretically suggest the presence of kyanite in the assemblage. Since kyanite is not found in these metapelites, the pressures produced by those calibrations are considered outliers. The only calibration applied was by Perchuck et al., (1985). A more recent calibration by Nichols et al., (1992) was applied using GTB. The results for QB-7 sample using the grt-als-crd-qtz geobarometer is reported in Table 11.
27
The average pressures for QB-7a and QB-7b are 4.3 ± 1.9 kbar and 4.4 k ± 2.0 kbar respectively. The pressure for one of the samples examined by Dallmeyer and Dodd (1971) yielded a pressure of 3.7 ± 2.3 kbar. The GASP and GBPQ barometers were used for pressure calculations on four metapelites, TB-3, SB-5, SB-7, and QB-1. The low calcium content of the metapelitic protolith and the presence of Na-rich- plagioclase in this rock suite limit the number of samples that could be used for GASP and GBPQ barometry. The samples analyzed were a select few with a suitable assemblage for geobarometry. A modeling spreadsheet by Waters (2008) was used to calculate pressures using the Bhattacharya et al., (1992) GASP barometer. GASP calibrations by Newton and Haselton (1981), Ganguly and Saxena (1984), and Hodges and Crowley (1985) along with a GBPQ calibration by Hoish (1990) were applied using GTB. The results for the GASP and GBPQ geobarometry are reported in Table 12. The four samples analyzed produce two sets with consistent results. TB-3 and SB-7 yield pressures of 6.0 ± 0.2 kbar and 6.1 ± 0.1 kbar, respectively. SB-5 and QB-1 yield pressures of 5.3 ± 0.4 kbar and 5.1 ± 0.1 kbar, congruous with the cordierite-bearing QB-7 sample.
7. P-T ImplicationsThe disparity in the P-T values determined in this study and distinctive mineral assemblages signify subdivisions in the metapelitic unit of the Hudson Highlands. The P-T data for QB-7, QB-1, and SB-5 indicate middle to upper amphibolite facies metamorphism (Fig 34, 35). The P-T data for QB-5, TB-3, and SB- 7 indicate lower-granulite facies metamorphism consistent with what is concluded28
by various other authors in this region (Dallmeyer and Dodd, 1971; Young, 1995; Volkert and Gorring, 2001) (Figs 37, and 38). There can be a few explanations for this discrepancy: 1.) The cordierite-bearing metapelites are a remnant of the Elzevirian orogeny. 2.) An isobaric heating event might have caused formation of the cordierite via contact metamorphism. 3.) The P-T values determined from the grt- sil-crd-gtz geobarometer and garnet-cordierite thermometer are unreliable. 4.) The cordierite-bearing metapelites in the Hudson Highlands are preserving an earlier part of the P-T path that preceded peak metamorphism.Elzevirian orogenic fabrics have been completely obliterated by the Ottawan Orogeny (Rivers, 2008; McLelland et al., 2010). The literature does not support any evidence of Elzevirian metamorphism or deformation in the Hudson Highlands, making the first explanation unlikely.The formation and re-equilibration of cordierite with garnet and biotite through contact metamorphism is possible and can explain the low P and T values determined in this study. Experimental studies and phase equilibria modeling concerning the partial melting of metapelitic protoliths at low pressures has been carried out by several workers (Groppo et al., 2012, and references therein). It has been suggested that cordierite can be derived from metapelitic protoliths via partial melting during an isobaric heating event or decompression (Spear et al., 1999). Groppo et al., (2012) discuss the formation of cordierite-bearing migmatitic gneisses occurring in a low P anatectic terrane. The cordierite-paragneisses germane to the study were from the eastern Nepal Himalayas. These migmatic gneisses of a metapelitic/metagraywacke protolith were a melt product of a shallow-crustal, low
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P isobaric heating event (Groppo et al., 2012). Although such a process is conceivable for the metapelites in the Hudson Highlands, the relevant intrusive events in this province have been conclusively dated prior to or subsequent to the Ottawan metamorphism of this suite (~1090-1020 Ma). The AMCG and the Hawkeye intrusive suites are dated ~1155-1140 Ma and ~1106-1093 Ma respectively (McLelland et al., 2010). While the post-Ottawan Mount Eve granitoid suite has been dated 1020 ± 4 Ma by Drake et al., (1991). In addition, cordierite formed during contact metamorphism is composed of an iron rich, Fe-cordierite end-member component while the cordierite analyzed in this study has ~80% Mg- cordierite end-member component which is more consistent with higher pressure regional metamorphic origin (Fig 39).Cordierite is a common metamorphic mineral in lower amphibolite -  upper granulite facies rocks. Its empirical formula is (Mg, Fe^AUSisOis^nHzO with a cyclosilicate crystal structure. The ring shaped structural channels absorb molecular 
H2O, CO2, H2S, CH4, He, Ar, CO, hydrocarbons and alkali cations. There have been numerous attempts to calibrate a reliable and consistent geobarometer and to determine its water fugacity (Vry et al., 1990). Natural cordierites contain a wide variety of molecular fluids and also suffer volatile content losses post peak metamorphism. There has not been a definitive way to account for the molecular fluids in cordierite. The majority of cordierite geobarometers use experimental data and assume metamorphic fluids as being pure H2O. These geobarometers can be unreliable and produce results with uncertainties at the order of several kilobars (Vry et al., 1990).
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Cordierite analyzed from the metapelites in Hudson Highlands is part of an assemblage that has accessory amounts of graphite and Fe-sulfide minerals. An inference can be made that the Ph2o in these rocks is significantly less than the Piotai. Components such as H2S, from reaction of H2O with pyrite and pyrrhotite and CH4, from the reaction of H2O with graphite are most likely present in hydrothermal fluids during metamorphism. Since cordierite is a hydrous mineral, its pressure of stability will most likely be reduced by the dilution of H2O via the aforementioned metamorphic fluid components. The geobarometers, which fail to take this effect into account, are questionable. The grt-sil-crd-qtz geobarometer by Nichols et al., (1992] and Perchuck et al., 1985 used for geobarometry assume fluid compositions to be pure H2O. Therefore, the pressure attained for the cordierite-bearing metapelites is uncertain. While the temperatures produced using the garnet- cordierite geothermometer can be deemed acceptable since the means of calibration for the garnet-cordierite thermometers are often from natural occurrences of garnet and cordierite and involve a simple exchange reaction (Perchuck et al., 1985; Perchuck & Lav'renteva, 1983; Thompson, 1976; Holdaway and Lee, 1977; Wells, 1979, Nichols etal., 1992).The garnet-cordierite thermometer and the grt-sil-crd-qtz barometer yield an average (QB-7a and QB-7b) P-T of 588 ± 38 °C at 4.4 ± 2 kbar for QB-7. The more reliably calibrated garnet-biotite thermometer and GASP barometer were used on a select few metapelites devoid of observable cordierite and QB-7 to check for consistency to the cordierite model. Garnet-biotite geothermometry on QB-7 produced a temperature of 575 ± 24 °C. The lack of usable plagioclase did not allow
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for GASP barometry on QB-7. Out of the cordierite-free metapelites analyzed, SB-5 and QB-1 are of special interest as they give a P-T estimate of 593 ± 19 °C and 654 ± 18 °C at pressures of 5.3 ± 0.4 kbar and 5.1 ± 0.1 kbar respectively. The results for SB-5 and QB-1 are congruous with cordierite-bearing QB-7. Although cordierite was not found in these samples, the temperatures reported imply conditions required for a cordierite-bearing assemblage. It could also be indicative of gneiss capturing metamorphic conditions near a cordierite breakdown reaction along the P-T path. It should be noted that Dallmeyer and Dodd (1971) sampled cordierite-bearing metapelites from the same set of outcrops from where QB-1 was sampled.The distribution of certain minerals in a few characteristic assemblages permits partitioning of the metapelites into three groups: biotite-cordierite gneiss (not sampled for this study), biotite-cordierite-garnet gneiss, and biotite-garnet gneiss. The major element and trace element whole-rock geochemistry discussed in 
Whole-rock Geochemistry suggests there is no strong distinction in the type of sedimentary protolith from which the metapelites were derived. Since the invariability in the mineral assemblages of metapelitic gneisses exposed in the Hudson Highlands is not protolith related, the only credible explanation is that they demonstrate a progression of metamorphic grade along a P-T path (Fig 40).The sequence of increasing metamorphic grade is expressed as biotite- cordierite gneiss^biotite-cordierite-garnet gneiss->garnet-biotite gneiss. The transition from biotite-cordierite gneiss to biotite-cordierite-garnet gneiss is defined by the depletion in % Fe cordierite end member component and abundance of % Fe end member (almandine) component in the newly equilibrated garnet. The
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transition from biotite-cordierite-garnet gneiss to garnet-biotite gneiss is distinguished by the breakdown of cordierite and the enrichment of % Mg (pyrope) end member component of garnet.Dallmeyer and Dodd (1971) mapped biotite-cordierite gneiss at outcrops near Mombasha Lake and Long Swamp Road., Monroe, NY. An attempt to sample the biotite-cordierite-gneiss for this study was not successful; hence microprobe analyses of cordierite published by Dallmeyer and Dodd (1971) were considered (Table 5). The Fe-cordierite component in biotite-cordierite gneiss is ~26% for Mombasha Lake sample and ~29% for Long Swamp Rd. sample. Cordierite in QB-7, with co-existing biotite, and garnet, has Fe-cordierite end member component of ~20%. The decrease in FeO concentration in cordierite with increasing P-T correlates with the increase of almandine enriched garnet (~67 %) in QB-7. Based on the P-T reported for QB-7 in conjunction with the mineral chemistry of cordierite and garnet, the biotite-cordierite gneiss and the biotite-cordierite-garnet gneiss are of middle amphibolite and upper amphibolite facies respectively. (Figs 41, 42, and 43). The breakdown of cordierite occurs with increasing P-T as evidenced by its absence in the majority of the metapelites studied for this report. The garnets analyzed from the garnet-biotite gneiss are pyrope enriched. This is in compliance with the breakdown of the magnesium-rich cordierite. The pyrope component of garnets in garnet-biotite gneisses exceeds the 29% pyrope component reported for QB-7 (Table 9). Peak metamorphic conditions for garnet-biotite gneiss at granulite facies can be concluded based on mineral chemistry and phase equilibrium in
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conjunction with the P-T determined for TB-3 and SB-7 (Fig 44 and 45).The preservation of pre-peak metamorphism assemblages is not an isolated occurrence in the Hudson Highlands. Rusty weathering metapelitic gneisses have been mapped and studied extensively by several authors in the Adirondack Highlands and in the Canadian Grenville province (Wiener et al., 1984; Foose and Brown, 1976; Wynne-Edwards and Hay, 1963). Wynee-Edwards and Hay (1963) report exposures of cordierite-biotite, garnet-cordierite-biotite, and garnet-biotite Grenville age metapelitic gneisses in Westport, Ontario. The mineral assemblage includes quartz, potassium-feldspar (orthoclase or microline), cordierite, biotite, garnet, sillimanite, plagioclase and accessory amounts of rutile, magnetite, zircon, apatite, tourmaline, sericite, chlorite, and epidote. These metapelites occur in lenses ranging from six inches to hundreds of meters in layers of marble, quartzite, and metapsammitic gneisses in the region. Wynne-Edwards and Hay (1963) conclude the mineralogy in these gneisses is controlled by the concentration of FeO and MgO in the bulk-rock geochemistry. As the FeO component increases relative to MgO, the biotite-cordierite gneiss, biotite-cordierite-garnet gneiss, and garnet-biotite gneiss are formed in succession (Wynne-Edwards and Hay, 1963). Rusty metapelites, known as the Baldface Hill Gneiss, with sporadic lenses of biotite-cordierite-garnet gneiss and biotite-garnet gneiss were also mapped near Harrisville, NY, in the Adirondack Highlands (Lewis, 1969; Foose and Brown, 1976; Wiener, 1981). The rocks in this unit consist of quartz, biotite, plagioclase, perthite, garnet, and variable amounts of garnet, cordierite, sillimanite, hypersthene, pyrite, and magnetite. Wiener et al., (1984) proposed, based on the mineralogy, the rocks in this unit are
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most likely a derivation of metamorphosed regolith and basal elastics mixed with deposits of shale. Although no attempt was made by the authors to determine metamorphic conditions for this unit, several P-T inferences can be made based on the similarities between the metapelitic unit of the Hudson Highlands and the Baldface Hill Gneiss.
8. ConclusionsThe discontinuously inter-layered “rusty" metapelites and metapsammitic “gray" gneisses of the Hudson Highlands, NY contain vital information about the metamorphic pressure (P) and temperature (T) conditions during the Ottawan Orogeny (~1090-1020 Ma), which can be used to better understand the tectonic processes that produced these rock suites. The sporadically exposed cordierite- bearing and the abundant cordierite-free garnet-biotite metapelites of Hudson Highlands, NY were considered for geothermobarometry to constrain peak P-T conditions. The calibrations used for the garnet-cordierite thermometers and barometers were deemed reliable due to their consistency with the garnet-biotite thermometer and GASP/GBPQ barometer. The presence of cordierite in the metapelites yield low P-T compared to ones devoid of it, suggesting its presence is not indicative of peak metamorphism conditions. The metapelites of the Hudson Highlands, NY are split into biotite-cordierite gneiss, biotite-cordierite-garnet gneiss and garnet-biotite gneiss based on the disparate P-T results produced. The bulk- rock composition of these three sub-gneisses does not demonstrate distinguishing geochemical variations specific to each, suggesting an analogous calcium-depleted,
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clay-rich sedimentary protolith during metamorphism. The similarity in the results produced between the cordierite model and the garnet-biotite and GASP/GBPQ model suggests the low P-T in the biotite-cordierite-garnet gneiss (QB-7 and conditional in SB-5 and QB-1] is not an erroneous anomaly but a preservation of metamorphic conditions prior to peak P-T at 588 ± 38 °C at 4.4 ± 2 kbar. Temperatures ranging from ~714-744 °C at pressures of ~6 kbar determined from garnet-biotite gneisses represent peak metamorphic conditions at depths of ~25 km assuming a geothermal gradient of ~35°C/km. Therefore, the stability of Mg- cordierite in certain assemblages indicates preservation of pre-peak metamorphism conditions; subsequently the assemblages devoid of cordierite capture peak P-T.
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Figure 2. The progression of Grenville orogenic events shaping the bedrock geology of the Reading Prong, Adirondack Highlands and the Canadian Grenville Province.
Illustration: McLelland et al, (1996)
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Figure 1. The distribution of Grenville age rocks in eastern North America and Canada. The study area, illustrated in Figure 3, is outlined. Modified from Gates etaL, (2001)
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TB: Garna-tootite-quartz-feldspar grass • quartate, quartz-feldspar grass, caksiicate rock
| QB: Rust/ and ja y  bioMoquartz-todspar grass • rusty fades contains variable amounts 1— 1 of ¡amei. siimanke, cordierite, gaphite, sulfides
SB k LW: Imerfayered amphibolite and ganitic. chamo clitic, mar critic, or syemic gneiss. 
MB: SHlinanitecordlerite-alrr.andino-biotfte-quartz-fejdspar grass.□
Fig. 3. Satellite image shows the locations in Lower Hudson Valley, southeastern, NY where the samples were collected. The areas where the samples are collected are color-coded based on the primary rock suite but samples of interest were also be present as a secondary rock type. Google Earth
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Fig. 4. (top) Queensboro Circle rusty metapelites outcrop on 7 Lakes Drive, Tomkins Cove, NY at the foot of Bear Mountain, (bottom) Interlayered metapsammitic gneiss (bottom-right) and rusty metapelites (top-left) outcrop east of Queensboro Circle.
Google Earth
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Fig. 5. (top) Interlayered metapsammitic gneiss (bottom-right) and rusty metapelites (top-left) outcrop west of Sebago Lake, (bottom) Sloatsburg, NY. Rusty metapelites outcrop south of Sebago Lake. Google Earth 46
Fig. 6. Interlayered metapsammitic gneiss and rusty metapelites outcrop on Torne Brook Rd, Suffern, NY. Google Earth
Fig. 7. Sillimanite and biotite enriched foliated rusty metapelite (QB-5) 47
Fig. 8. Un-weathered surface showing plagioclase, biotite, and sillimanite in a metapelite (QB-1).
Fig. 9. Extremely rusty weathered and metapelite with foliation dictated by biotite and sillimanite (TB-3). 48
Fig. 10. Metapsammitic gneiss with a quartz, plagioclase, biotite, and pink garnet assemblage (QB-2).
Fig. 11. Cordierite-bearing metapelite (QB-7). Visible assemblage is sillimanite, quartz, biotite, potassium-feldspar, and garnet. 49
Fig. 12. (top)Photomicrograph in cross polarized light (XPL) showing a fairly unaltered cordierite with polysynthetic twinning. It exhibits strong grain boundary contact with quartz and garnet; pinite intergrowth along the cracks is also visible, (bottom) SEM image in backscatter mode showing a partially altered cordierite crystal in contact with quartz. Pinite alteration along fractures and rim is visible. 50
Fig. 13. (top) Photomicrograph in XPL showing garnet (middle) surrounded by plagioclase, quartz, and biotite in a metapsammitic gneiss (TB-2). (bottom) SEM image in backscatter mode showing a big garnet crystal with quartz, biotite, sillimanite, and zircon inclusions. It exhibits strong grain boundary contact with an altered cordierite crystal (QB-7). 51
Fig. 14. Photomicrographs in XPL prominently show biotite and sillimanite in the plane of foliation, (top) Biotite and sillimanite are intertwined; a sillimanite grain cut perpendicular can be mistaken for andalusite(QB-5); splintery sillimanite inclusions in garnet in the bottom right, (bottom) Biotite, sillimanite, and quartz. (SB-1) 52
Fig. 15. (top) Photomicrograph in XPL showing plagioclase altering along twinning. Perthitic potassium-feldspar, biotite, and quartz are also visible (SB-1), (bottom) SEM image in backscatter mode showing perthitic potassium-feldspar with pockets of sodic plagioclase altering to phengite (SB-5).
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Fig. 16. SEM images in backscatter mode showing systematic breakdown of biotite into chlorite, (left) Chloritization of biotite is surrounded by sericite (QB-5). (right) A jarosite vein crosscutting an altered biotite surrounded by sericite (SB-5).
Fig. 17. Photomicrograph in XPL showing retrograde alteration of cordierite to pinite in QB-7. Biotite, quartz, and garnets with sillimanite inclusions are also visible. 54
Fig. 18. Photomicrograph in XPL showing retrograde alteration of potassium- feldspar to phengite in QB-1 (left) and SB-2 (right). Biotite, quartz, and opaques are also visible.
Fig. 19. Photomicrograph in XPL showing retrograde alteration of plagioclase to sericite in QB-1 (left) and SB-2 (right). Biotite, quartz, and opaques are visible in both samples. QB-1 shows a jarosite vein and chlorite in the top-right corner. 55
Fig. 20. Photomicrograph in XPL showing retrograde alteration of plagioclase to epidote in TB-3 (left). SEM image in backscatter mode showing plagioclase crystal with a pyrite inclusion being altered to epidote (right).
Fig. 21. (left) Photomicrograph in XPL showing yellow jarosite veins traversing quartz and plagioclase crystals parallel to biotite on the right (SB-5), (right) Photomicrograph in XPL showing yellow jarosite and quartz inclusions in a garnet crystal.
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Appendix B
Table 1. Summary of ICP-OES Reproducibility
Un-normalized
QB-7 AGV-2
Weight % Average StDev %RSD AGV-2* Average StDev %RSD Accuracy
Si02 65.11 0.40 0.61 59.30 60.37 0.89 1.47 1.02
Ti02 1.13 0.02 2.02 1.05 1.05 0.02 1.82 0.33
A1203 16.51 0.10 0.63 16.91 16.94 0.28 1.68 0.73
Fe203 7.58 0.09 1.15 6.69 6.85 0.12 1.72 0.75
MnO 0.04 0.00 2.56 0.09 0.10 0.00 2.98 9.56
MgO 3.22 0.05 1.47 1.79 1.80 0.03 1.69 1.38
CaO 0.16 0.03 18.17 5.20 5.22 0.09 1.75 1.32
Na20 0.45 0.03 7.35 4.19 4.21 0.08 1.96 0.35
K2 4.96 0.07 1.49 2.88 2.93 0.07 2.45 0.57
P205 0.07 0.01 21.62 0.48 0.48 0.01 2.61 1.05
Total 99.23 0.56 0.57 98.58 99.94 1.56 1.57 0.65
Normalized
QB-7 AGV-2
Weight % Average StDev %RSD AGV-2* Average STDev %RSD Accuracy
Si02 65.61 0.18 0.28 60.15 60.36 0.09 0.14 0.35
Ti02 1.14 0.02 1.84 1.07 1.06 0.00 0.37 0.87
A1203 16.63 0.10 0.62 17.15 16.91 0.07 0.41 1.41
Fe203 7.64 0.07 0.91 6.79 6.79 0.02 0.25 0.11
MnO 0.04 0.00 3.10 0.09 0.10 0.00 1.60 6.86
MgO 3.25 0.04 1.13 1.82 1.83 0.01 0.35 0.77
CaO 0.16 0.03 17.67 5.27 5.32 0.03 0.62 0.79
Na20 0.45 0.03 7.50 4.25 4.22 0.04 1.02 0.73
K20 5.00 0.06 1.12 2.92 2.92 0.03 1.11 0.09
F205 0.07 0.01 20.99 0.49 0.49 0.01 1.76 0.32
Total 100.00 0.00 0.00 100.00 100.00 0.00 0.00 0.00
Eight (8) replicates of QB-7 (metapelite] and AGV-2 (rock standard] were prepared to produce the data analyzed. 
*- Accepted Values for USGS Rock Standard AGV-2 (USGS, 2012]
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Table 2. ICP-OES: Whole-Rock Major Elements Geochemistry of Sebago Lake Gneisses
Un-normalizedRock Type Metapelite Qtz-Metapelite Metapelite Metapelite Metapelite Metapelite Gray Gneiss
Weight % SB-1 SB-2 SB-3 SB-5 SB-7 SB-8 SB-9
Si02 76.34 63.47 68.20 80.17 81.72 70.17 70.73
Ti02 0.58 1.02 0.88 0.49 0.46 0.72 0.49
A1203 11.77 19.72 18.65 11.42 11.14 14.30 14.96
Fe203 6.20 4.89 2.77 2.86 2.33 4.30 4.75
MnO 0.07 0.02 0.03 0.02 0.03 0.12 0.23
MgO 2.03 1.76 1.02 0.95 0.84 1.37 1.30
CaO 0.32 0.87 0.44 0.74 0.43 0.98 2.29
Na20 0.53 2.51 2.88 1.85 1.03 2.37 3.29
K20 2.41 6.37 4.66 2.13 2.38 4.82 2.92
P205 0.05 0.07 0.06 0.06 0.05 0.07 0.08
Total 100.29 100.70 99.57 100.70 100.40 99.21 101.03
Normalized
Rock Type Metapelite Qtz-Metapelite Metapelite Metapelite Metapelite Metapelite Gray Gneiss
Weight % SB-1 SB-2 SB-3 SB-5 SB-7 SB-8 SB-9
Si02 76.27 63.14 68.57 79.56 81.68 70.72 70.01
Ti02 0.58 1.01 0.88 0.49 0.46 0.72 0.49
A1203 11.65 19.36 18.58 11.40 10.82 14.41 14.81
Fe203 6.15 4.85 2.78 2.84 2.31 4.34 4.70
MnO 0.07 0.02 0.03 0.02 0.03 0.12 0.23
MgO 2.06 1.78 1.04 0.94 0.83 1.39 1.29
CaO 0.26 0.88 0.45 0.75 0.40 0.98 2.26
Na20 0.52 2.51 2.90 1.83 1.05 2.38 3.25
K20 2.40 6.38 4.71 2.12 2.38 4.86 2.89
P205 0.03 0.07 0.06 0.06 0.05 0.07 0.08
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Table 3. ICP-OES: Whole-Rock Major Elements Geochemistry of Queensboro Circle Gneisses
Un-normalizedRock Type Metapelite Gray Gneiss Metapelite Metapelite Metapelite Metapelite Gray Gneiss
Weight % OB-1 OB-2 OBi3 OB-5 OB-6 OB-7 OB-8
Si02 68.34 65.21 67.71 48.20 79.02 64.91 71.87
Ti02 0.91 0.76 0.88 2.38 0.75 1.14 0.38
A1203 15.85 15.23 16.85 27.52 10.85 16.38 14.96
Fe203 4.36 6.24 5.60 9.82 4.73 7.70 2.97
MnO 0.02 0.03 0.02 0.05 0.02 0.04 0.04
MgO 2.53 3.40 2.32 5.78 2.16 3.25 0.65
CaO 0.24 3.80 0.33 0.22 0.12 0.17 2.71
Na20 0.90 2.32 1.08 0.25 0.20 0.59 4.04
K20 5.18 2.09 5.12 4.35 1.66 4.96 2.88
P205 0.04 0.18 0.07 0.06 0.02 0.08 0.18
Total 98.37 99.26 99.98 98.63 99.53 99.22 100.69
NormalizedRock Type Metapelite Gray Gneiss Metapelite Metapelite Metapelite Metapelite Gray Gneiss
Weight % OB-1 OB-2 OB-3 OB-5 OB-6 OB-7 OB-8
Si02 69.44 65.69 67.72 48.87 79.53 65.42 71.33
Ti02 0.93 0.76 0.88 2.42 0.76 1.15 0.38
A1203 16.18 15.35 16.86 27.90 10.76 16.51 14.89
Fe203 4.42 6.29 5.61 9.95 4.76 7.76 2.97
MnO 0.02 0.03 0.02 0.05 0.02 0.04 0.04
MgO 2.58 3.42 2.32 5.86 2.19 3.27 0.63
CaO 0.22 3.83 0.33 0.22 0.09 0.17 2.72
Na20 0.93 2.34 1.08 0.26 0.21 0.59 4.01
K20 5.26 2.11 5.12 4.42 1.66 5.00 2.86
P205 0.04 0.18 0.07 0.06 0.02 0.08 0.19
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Table 4. ICP-OES: Whole-Rock Major Elements Geochemistry of Lake Welch and Torne Brook Gneisses
Un-normalized
Rock Type Gray Gneiss Metapelite Metapelite Metapelite Gray Gneiss MetapeliteWeight % LW-1 LW-6 LW-9 TB-1 TB-2 TB-3Si02 69.49 65.94 63.19 58.97 65.28 57.87Ti02 0.70 1.08 2.32 1.02 0.97 1.78A1203 15.49 16.83 14.65 15.69 16.43 17.81Fe203 4.57 6.61 9.21 14.00 3.68 10.93MnO 0.05 0.04 0.11 0.14 0.01 0.08MgO 1.71 2.43 2.81 4.53 1.66 4.25CaO 2.39 0.28 2.36 0.52 3.92 2.81Na20 4.25 0.73 2.23 0.69 3.49 3.06K20 2.07 4.03 2.77 2.67 1.59 2.49P205 0.06 0.04 0.44 0.06 0.20 0.27Total 100.76 98.01 100.08 98.28 97.23 101.36
Normalized
Rock Type Gray Gneiss Metapelite Metapelite Metapelite Gray Gneiss MetapeliteWeight % LW1 LW6 LW-9 TB-1 TB-2 TB-3Si02 68.82 67.39 62.94 60.24 67.26 57.26Ti02 0.69 1.10 2.33 1.03 1.00 1.75A1203 15.42 16.96 14.83 15.85 16.56 17.47Fe203 4.57 6.73 9.23 14.14 3.79 10.80MnO 0.05 0.04 0.11 0.14 0.01 0.08MgO 1.69 2.50 2.80 4.63 1.73 4.16CaO 2.40 0.32 2.36 0.61 4.05 2.79Na20 4.25 0.74 2.21 0.50 3.63 2.99K20 2.05 4.18 2.76 2.80 1.76 2.43P205 0.06 0.04 0.43 0.06 0.21 0.26Total 100 100 100 100 100 100
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Sebago Lake: Diffrentiation of Metapelites and Quartzofeldspathic Gneisses
5
4.5 -
SB-1** SB-2 SB-3 SB-5 SB-6 SB-7 SB-8 SB-9
SamplesFig. 22. Sebago Lake samples plotted to differentiate metapelites (blue) and metapsammitic gneiss (orange)
Queensboro Circle: Diffrentiation of Metapelites and Metapsammitic Gneisses
9
QB-1 QB-2 QB-3 QB-4 QB-5 QB-6 QB-7 QB-8
SamplesFig. 23. Queensboro Circle samples plotted to differentiate metapelites (blue) and metapsammitic gneiss (orange)
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ALake Welch & Torne Brook: Difffentiation of Metapelites and Metapsammitic Gneisses
0
5
s 4|3 -
2 2 -
1 - 
r\
'HM®
sj| ¡K A-------------- -------- ^ MS__ M _____
LW-1 LW-6 LW-9 TB-1 TB-2 TB-3
Samples
Fig. 24. Lake Welch and Torne Brook samples plotted to differentiate metapelites (blue) and metapsammitic gneiss (orange). TB-3 meets the criterion to be a metapsammitic gneiss but it mineral assemblage suggests it is a metapelite.
A
Fig. 25. An AFM diagram showing consistently variable geochemistry of the metapelites studied. Cordierite-bearing, QB-7 (green) and samples SB-5 and QB-1 (blue) producing low P-T similar show no distinction.
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Appendix C
Fig. 26. Distribution of molecular FeO and MgO in co-existing garnet and cordierite from biotite-cordierite-garnet gneisses sampled at Queensboro Circle.Straight line distribution suggests local equilibrium from Dallmeyer and Dodd (1971)
FeO /MgO (mol) blot ite
f total FeFig. 27. Straight-line distribution of molecular FeO and MgO in co-existing biotite and cordierite from three separate localities with different mineral assemblages. Open circles denote biotite-cordierite-garnet gneisses from Queensboro Circle. Dotted circles represent biotite-cordierite gneisses from Mombasha Lake. Solid black circles represent biotite-cordierite gneisses from Long Swamp Rd.
from Dallmeyer and Dodd (1971) 63
Fig. 28a. SEM image in backscatter showing co-existing garnet-biotite-cordierite pair used for geothermobarometry (QB-7a).
Fig. 28b. SEM image in backscatter showing co-existing garnet-biotite-cordierite pair used for geothermobarometry (QB-7b). Cordierite is severely altered to pinite.
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Fig. 29. SEM image in backscatter showing co-existing garnet-biotite-plagioclase pair used for geothermobarometry (TB-3).
Fig. 30. SEM image in backscatter showing co-existing garnet-biotite-plagioclase pair used for geothermobarometry (SB-5).
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Fig. 31. SEM image in backscatter showing co-existing garnet-biotite-plagioclase pair used for geothermobarometry (SB-7).
Fig. 32. SEM image in backscatter showing co-existing garnet-biotite-plagioclase pair used for geothermobarometry (QB-1).
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Fig. 33. SEM image in backscatter showing co-existing garnet-biotite-plagioclase pair used for geothermometry (QB-5).
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Table 9. Summary of Garnet-Cordierite geothermometry (°C) results of the cordierite- bearing metapelites sampled during this study and by Dallmeyer (1971).Current Study Dallmeyer and Dodd (1971) Data (Loc. 1)
Thermometers QB-7a QB-7b 35-10-1 33-3-6
Thompson, 76 628 611 557 597Holdaway & Lee, 77 616 601 554 589Perchuck et. AL, 85 621 606 558 594Perchuck & Lavrenteva, 83 564 603 504 538Wells, 79 594 573 525 564Nichols et. al., 92 525 515 450 -Average 591 585 525 577Standard Deviation 40 37 42 25
Table 10. Summary of Garnet-Biotite geothermometry (°C) results of the Torne Brook, Sebago Lake, and Queensboro Circle metapelites.
Thermometers TB-3 SB-5 SB-7 QB-1 QB-5 QB-7BBhattacharya, et al. 92 -HW 762 604 747 657 730 594Bhattacharya, et al. 92 -GS 759 598 748 651 729 597Perchuck & Lavrent'eva, 83 756 616 745 663 722 593Perchuck & Lavrent'eva, 84* 725 590 715 640 695 575Kleeman & Reinhardt, 94* 740 560 725 630 695 545Indares & Martignole, 85* 720 - 705 - 710 -Gessman et. al., 97 - 590 - 680 - 545Average 744 593 731 654 714 575Standard Deviation 18 19 18 18 16 24
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Table 11. Summary of grt-als-crd-qtz geobarometry (in kilobars) results of the cordierite- bearing metapelites sampled during this study and by Dallmeyer (1971).Current Study Dallmeyer and Dodd (1971) Data (Loc. 1)
Barometers QB-7a QB-7b 35-10-1 33-3-6Perchuck et al., 85 5.7 5.8 5.3 5.6Nichols et al., 92 3.0 3.0 2.0 -Average 4.3 4.4 3.7 5.6Standard Deviation 1.9 2.0 2.3 -
Table 12 Summary of GASP and GBPQ geobarometer (in kilobars) results of the Torne Brook, Sebago Lake, and Queensboro Circle metapelites. (*: GBPQ calibration)
Barometers TB-3 SB-5 SB-7 QB-1Newton & Haselton, 81 6.1 5.0 6.3 4.9Ganguly & Saxena, 84 6.1 5.7 6.0 5.2Hodges & Crowley, 85 6.2 5.1 6.1 5.0Bhattacharya, et al. 92-HW 5.7 4.8 6.0 5.0Hoish, 90* 6.0 5.7 6.0 5.2Average 6.0 5.3 6.1 5.1Standard Deviation 0.2 0.4 0.1 0.1
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QB-7: Thermobarometry
Fig. 34. P-T for QB-7 plotted using GTB. Garnet-cordierite (red) and garnet-biotite (blue) thermometry and grt-sil-crd-qtz barometry (green).
QB-1: Garnet-Biotite Thermometry and Gfl SP/GPBQ Barometry
Fig. 35. P-T for QB-1 plotted using GTB. Various calibrations of garnet-biotite thermometer (red) and GASP (red) and GBPQ (blue) barometer were used.
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SB-5: Garnet-Biotite Thermometry and Gfl SP/GPBQ Barometry
Fig. 36. P-T for SB-5 plotted using GTB. Various calibrations of garnet-biotite thermometer (red) and GASP (green) and GBPQ (blue) barometer were used.
TB-3: Garnet-Biotite Thermometry and Gfl SP/GPBQ Barometry
Fig. 37. P-T for TB-3 plotted using GTB. Various calibrations of garnet-biotite thermometer (red) and GASP (green) and GBPQ (blue) barometer were used. 75
SB-7: Garnet-Biotite Thermometry and Gfl SP/GPBQ Barometry
Fig. 38. P-T for SB-7 plotted using GTB. Various calibrations of garnet-biotite thermometer (red) and GASP (green) and GBPQ (blue) barometer were used.
Mg-cordlerit* Fe-cordiirite
Fig. 39. The garnet-cordierite compositional plane illustrating different metamorphic environments based on co-existing garnets and cordierites end- member components. The composition of garnet-cordierite from QB-7 displayed.
Modified from Chinner (1959)
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Fig. 43. Clockwise P-T path of the metapelites of the Hudson Highlands determined based on the geothermobarometry and mineral assemblage analyses. A and B: middle amphibolites facies metamorphism of the biotite-cordierite and biotite- cordierite-garnet gneiss. C: lower granulite facies metamorphism of the biotite- garnet gneiss.
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T (°C)Fig. 41. P-T results produced for QB-7 plotted on a metamorphic facies diagram. 588°C (± 38) at 4.4 kilobars (± 2).
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T (°C)Fig. 43. P-T results produced for SB-5 plotted on a metamorphic facies diagram. 593 °C (± 19) at 5.3 kilobars (± 0.4).
Fig. 44. P-T results produced for TB-3 plotted on a metamorphic facies diagram. 745 °C (± 18) at 6.0 kilobars (± 0.2).
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